The heterodyne transient grating (HD-TG) method was first applied to the curing dynamics measurement of photopolymers. The curing dynamics for various monomers including an initiator (2.5 vol%) was monitored optically via the refractive index change after a single UV pulse irradiation. We could obtain the polymerization time and the final change in the refractive index, and the parameters were correlated with the viscosity, molecular structure, and reaction sites. As the polymerization time was longer, the final refractive change was larger, and the polymerization time was explained in terms of the monomer properties.
Introduction
Photopolymer is a polymer that is cured by UV irradiation, and it features quick curing, easy processing of fine structure, high transmittance of light, etc. It is widely used in industry and in daily life such as for optical recording materials, 1 photoresists, 2 holography, 3 adhesives, etc. Generally, it is understood that the curing occurs in three stages, namely initiation, propagation, and termination processes. In the initiation process, photoinitiator absorbs UV light and radicals are generated and attack monomers, which are changed to monomer radicals. In the propagation process, the monomer radicals attack other monomers to be polymerized, where polymer radicals are generated, and the chain length of the polymers are extended. In the termination process, the polymer radicals are deactivated by reacting with other polymer or monomer radicals. Although the general concept of the reaction mechanism is well established, the details of the reaction mechanism remain unclear because the reactions include various species, initiators, monomers, polymers, and their radicals, which are very difficult to distinguish by analytical techniques, especially in the curing processes, due to spatially heterogeneous processes.
There have been only a few reports on experimental techniques for understanding the curing processes. The reaction rate and degree of polymerization have been studied 4 by differential scanning calorimetry (DSC), 5 IR absorption spectroscopy, 6,7 fluorescence monitoring during curing, 8 holographic grating formation by UV irradiation and its detection by diffraction. [9] [10] [11] [12] [13] Several theoretical models to understand the reaction kinetics have been proposed [14] [15] [16] [17] and the polymerization theory, including monomer diffusion, has been established and used for the explanation of curing. However, the theoretical models are still not enough to cover the actual reactions because of a lack of a detection of the reaction processes.
We have recently developed the heterodyne transient grating (HD-TG) method, [18] [19] [20] which features a simple optical setup and highly sensitive detection of the photochemical dynamics via refractive index change. In this technique, an optical fringe pattern is irradiated to a sample with a pump pulse, and the induced photochemical processes are monitored by another probe light. This technique is suitable for studying the curing dynamics of photopolymers because most of the change induced in the photopolymer does not cause the absorption change but induces the refractive index change because density change is typically involved in the polymerization processes. Furthermore, our technique offers a dynamics measurement after a single optical pulse irradiation, 21, 22 which is favored for this kind of irreversible process by irradiation of light.
In this paper, we established a new analytical method to understand the photo polymerization processes of photopolymers by using the HD-TG technique. We studied a suitable experimental condition for photopolymer samples at first, and applied the technique to various monomer samples to clarify the difference of the dynamics and correlate the information to the property of the monomers.
Experimental
In this study, 2,2′-ethoxyacetophenone was used as an initiator, and various acrylate monomers, M-101A, M-102, M-111, M-113, M-220, and M-208 (Aronix®, Toagosei), were used as curing materials. In the initiation process, radicals are generated as shown in Scheme 1. The molecular structures of the monomers are shown in Fig. 1 . The sample solution was prepared by mixing each monomer with the initiator (2.5 vol%) by a vortex mixer for 2 min. The solution was put into a cell, which was prepared by putting two glass plates together with a silicon rubber spacer with a thickness of 20 -500 μm. In advance of the HD-TG measurements, the refractive index of the samples was measured before and after curing by a refractometer ( Table 1) .
The principle of the HD-TG technique was previously described in detail, 23 and a brief introduction is given in Supporting Information (Fig. S1 ). When a pump beam is incident on a transmission grating, an intensity pattern of an optical fringe is formed close to the grating. When a sample cell is placed near the transmission grating, it can be excited by the fringe pattern of the pump light. The refractive index of the sample changes, giving the same pattern as the optical fringe because of photochemical or photothermal processes; the pattern of refractive index change is called a transient grating. When another light beam (probe light) is incident on the transient grating, a part of the probe is either transmitted (reference), or another part of the probe is once diffracted by the transmission grating and refracted by the transient grating into the same direction with the reference (signal). The two diffracted beams are directed along the same path, and they are mixed and detected.
The intensity of the heterodyne component is expressed as
where Eref and Epr are the electric fields of the reference and probe; f is the phase difference between the signal and the reference; and Δn and Δk are the real and imaginary parts of the refractive index change, respectively. The phase difference is determined by the optical path difference between the signal and the reference; it can be controlled by changing the distance between the transmission grating and the sample. 18 The Δn(t) responses were measured throughout the following experiments because no absorption change was involved for the photopolymer samples. The main origin for Δn(t) is due to the density change caused by polymerization. The sign of the refractive index change can be judged from the sign of the thermal grating response, which was caused by the temperature rise in a solvent, in this case, monomer solutions, and it is mostly negative. 23 The optical setup of the HD-TG method was the same as described in the previous papers. 21, 22 The pump light was the third harmonic light of Nd:YAG laser (GAIA, Rayture Systems) with a wavelength of 355 nm, pulse width of 6 ns, and laser intensity was in the range of 1.2 -5.1 mJ/pulse. The probe light was a continuous wave green laser (JUNO, Showa Optronix) with a wavelength of 532 nm. The size of the pump beam at the sample position was 5 mm in diameter. The transmission grating was fabricated on a Pyrex® glass plate. The grating spacing used was 60 μm. The signal was detected with a photodiode detector (DET 110, Thorlabs) equipped with a spectral cut filter for the pump light after a single pump pulse irradiation. The detected signal was stored in a digital oscilloscope (WAVERUNNER 6KA, Lecroy). The sample was cured after a single pulse irradiation and then the irradiated position was changed each time after a single measurement. Figure 2 shows the comparison between the HD-TG responses for M-111 solution with the initiator and only the initiator solution. The dotted line in Fig. 2 indicates the background signal intensity before the pump light irradiation. The response for only the initiator showed a single exponential decay with a decay time constant of 1.1 ms, which is the typically observed thermal diffusion response in the HD-TG measurements, 20 where the temperature was raised due to heat generated in the reaction processes of the initiator and then the heat was dissipated due to thermal diffusion. The radical generation reaction is known to occur on a nanoseconds time scale, 24 much faster than the thermal process.
Results and Discussion
For M-111 sample, the HD-TG response was composed not only of the thermal diffusion response (τ = 1.1 ms) but also of another exponentially rising component (τ = 7.8 ms), and the HD-TG signal approached a constant intensity, which was different from the original background intensity. The difference of the responses in the presence or absence of the monomer corresponds due to the polymerization of the monomer, and it should be related to the propagation and termination processes. Since the monomers have different refractive index values after polymerization as shown in Table 1 , the final HD-TG signal intensity, which indicated the positive refractive index change, was caused by the curing of the photopolymer. As such, the second rising component can be attributed to the density change during the polymerization processes. The sign of the refractive index change observed by the HD-TG method agreed with the sign observed by the refractometer as shown in Table 1 . Next, the sample thickness and irradiation intensity dependence was investigated, as shown in Fig. 3 . The sample was M-111 including the initiator (2.5 vol%). Both for the higher and lower irradiation intensities, the waveforms showed similar ones as the sample thickness decreased, and the waveforms for thicknesses of 20 and 50 μm almost overlapped each other. The waveforms were composed of a negative response corresponding to the thermal response and the following gradual increase to a constant value. However, as thickness increased, the responses were deviated from the original response. Furthermore, for higher irradiation intensity, some oscillation responses were observed and final intensity went negative for thickness off 200 and 500 μm (Oscillation behavior was observed for samples with a thickness larger than 100 μm).
Since the absorbance of the sample was 0.6/mm, the total absorbance of the sample was 0.012, 0.030, 0.12, and 0.30 for 20, 50, 200, and 500 μm, respectively. We can estimate that the irradiated light was absorbed homogeneously in the depth direction for the samples with a thickness of 20 and 50 μm. It is considered that the deviation of the response shape for the thicker sample was caused by inhomogeneous light absorption in the depth direction, where gradual polymerization was induced in the depth direction. Although it is difficult to speculate why the deviation was more prominent for the higher irradiation intensities, it is assumed that the concentrations of radicals were increased and the reaction rate or mechanism was nonlinearly proportional to them, which caused different results. The reason why the oscillation was observed is speculated in Supporting Information. From the above results, we concluded that the measurement should be made for the samples with 20 μm thickness under weak irradiation conditions of 1.8 mJ/ pulse to observe the curing dynamics under normal curing condition. Figure 4 shows the HD-TG responses for various monomers with a thickness of 20 μm under 1.8 mJ/pulse irradiation. For every monomer, the response was composed of the thermal diffusion response and gradual increase to a constant positive value, although the time constant for the increase and the final positive value were different depending on the monomer. As for M-220, the thermal diffusion response and the following increase could not be separated probably because the second component overlapped with the thermal diffusion response or the signal intensity was too small for separation. The structural difference between M-101A and M-102, and between M-111 and M-113, is the length of -OC2H4 and the monomer viscosity increases as this length increases. The polymerization time, τ2, also increased as this length increased. However, when comparing the group of M-101A and M-102 with the group of M-111 and M-113, we find that the structural difference of these groups is the terminal alkyl chain. Although the latter group has higher viscosity, τ2 did not depend on the viscosity so much. It seems that the polymerization processes did not simply depend on the viscosity but on the molecular structure, especially the structure close to the reaction site, namely the double bond. The final refractive index change was larger for the former group, namely the low viscosity group, and also the change was larger for the longer chain molecules in both groups.
As for the multi-functional monomers, the second component was not observed for M-220 probably because it was as fast as the first component, and the final signal intensity was very small. The second component for M-208 was on the same order of M-102 and M-113, even though it has much higher viscosity. The relatively short time constant is considered due to multi-reaction points, where the radicals can attack, and then the polymerization proceeded faster. The final refractive index change was notably larger as the viscosity was larger.
In summary, there is a tendency for the final refractive index change was larger as the polymerization time was longer, and the polymerization time was determined not only by the viscosity but also the molecular structure and the reaction points. We suppose that the longer polymerization time means longer radical lifetime, which is favored for polymerization, and that it results in a larger density change, namely the refractive index change.
Conclusions
We applied the HD-TG techniuqe to measure the curing dynamics of photopolymers. Due to the highly sensitive detection of the refractive index change via the technique, we could successfully observe the dynamics after a single optical pulse irradiation. We were able to collect informaiton on the polymerization time and the final refractive index change, and the data were correlated with viscosity and molecular structure, reaction sites. The information will help in the development of the photopolymer materials based on the general properties of monomers. Moreover this new approach can be utilized for the quick and easy screening of monomer materials. The first and second components correspond to the thermal response (τ1) and the following increasing component (τ2). The final signal intensity means the signal intensity difference between the original baseline and the final signal intensity.
